Attention has been focused recently on theinterphase in fiber-reinforced composites. I\. methodology is proposed to determine the local stress fields in a unidirectional fiberreinforced composite with a non-homogeneous interphase region. The interphase is modeled as an orthotropic material with continuously varying properties.
Introduction
Mechanics representations of the micro-details of fiber-reinforced composites have generally assumed the existence of two phases, namely the fiber and matrix. However, in reality, an additional phase may exist between the fiber and matrix. This phase, commonly known as the interphase, is the juncture that results when the matrix bonds with the fiber surface or the fiber sizing. The interphase region is often the product of processing conditions involved in composite manufacture. Hence, the properties of the region depend directly upon the chemical, mechanical, and thermodynamical nature of the bonding process between the matrix material and fiber material and any subsequent changes in those local conditions. I\.s a direct result of this dependence, the interphase may have spatially non-uniform properties, i.e., the properties may vary from point to point through the thickness of the interphase. I\. realistic incorporation of this region into the micromechanical analyses of composite systems is critical to the understanding of composite behavior. The authors have reviewed, in previous publications, the methods available for the experimental characterization of the interphase (1) and the studies available on interphase models (2J. The present article attempts to formulate a methodology for the determination of local stresses in a three-phase (fiber, interphase, and matrix) composite with a non-homogeneous interphase region.
Model
Lckhnitskii I3J has discussed the problem of stress distribution in a non-homogeneous hollow cylinder, having cylindrical anisotropy and, loaded on the inner and outer cylindrical surfaces by uniformly distributed pressures, and fixed at the ends. Expressions for stresses have been derived under the assumption of plane strain, using a stress function approach. The compliance coefficients of the cylinder have been assumed to be aAf = IXA/'" where aAf are constants, r is the radial distance, and n is any constant real number.
The interphasial properties in this study are modeled with the Lekhnitskii relationship.
The following assumptions are used in the formulation of the problem: • The continuous fiber composite is simulated by a representative volume element consisting of two concentric, long, circular cylinders (representing the fiber and interphase -the fiber-interphase assemblage) embedded in a matrix medium. The radii of the interphase and the fiber are denoted by r, and r/l respectively.
• A cylindrical coordinate system (r, 0, z) is considered with z as the axial coordinate and roO as the transverse plane (see Figure 1 ).
•
The fiber, interphase, and matrix are orthotropic.
The interphasial properties follow the functional forms given below:
where C ij refer to the stiffness coefficients, alj refer to the thermal expansion coefficients, and ai}, b lj , n and m are constants.
• The composite end conditions are considered only in the St.Venant sense.
The temperature change is uniform in all the phases.
Problem Formulation
Benveniste, Dvorak and Chen 14) have used a three-phase mo~e1 (fiber/coating/matrix) to predict the local stresses in a carbon-coated SiCrfitanium Aluminate composite un<!er the,r~o·mechanica1 loading situations. A simple variation of the formulations of E~hclby and Mon and I anaka, called the Equivalent Inclusion -Average Stress (F.IAS) concept by Benveniste (5) , was u~ed and the composite was subjected to six different loading conditions -uniform change in temperature, axial normal stress, transverse hydrostatic stress, longitudinal shear stress, transverse shear stress, and transverse normal stress. The local stresses in
the fiber, coating and the adjacent matrix in the composite were approximated by the solution for a single coated fiber in an infinite matrix subjected to average matrix stresses. The fiber-fiber interaction was taken into account approximately, through the average matrix stresses. The loading situations under consideration in this study are -a uniform temperature change T, and boundary loads (longitudinal shear stress and transverse shear stress) as shown in Figure 2 . Some other cases of boundary loads (axial normal stress in the direction of the fibers, transverse hydrostatic stress perpendicular to the fibers, and transverse normal stress perpendicular to the fibers) can be dealt with using the formulation of the three loading cases mentioned above.
The Navier's equations for the interphasial domain are provided for different loading situations; the Navier's equations for the fiber and matrix domains can be found by setting 11 = 0 and m = 0 in the Navicr's equations for the interphase and changing the stiffness coefficients. The Navicr's equations are solved for the displacements in terms of unknown constants. The unknown constants can then be determined by the application of the boundary and interface conditions of the auxiliary problem (single fiber-interphaseunbounded matrix subjected to uniform temperature change and boundary loads). Once the solutions to the auxiliary problems are found, the EJAS Concept can be applied to determine the local stresses 16J.
Uniform Change in Temperature: The composite is assumed to experience an axisymmetric generalized plane-strain. Due to axisymmctry and the absence of shear in the concentric cylinder assemblage model, the displacement field in the interphasial domain can be expressed by
The Naviers equations of elasticity are:
The general solution to Equation (3) is given by w(z) = Cz + f) (4) (5) and the general solution to Equation (4) is found by the Cauchy-Euler method (see section on Solution Methods) to be
and A, B, C and f) are unknown constants which will be determined by the boundary/interface conditions.
Applictl Longitudinal Shear Stress: The displacement field in the interphasial domain can be expressed by
The Navier's equation of elasticity is:
The general solution to Equation (8) and A and B are unknown constants which will be determined by the boundary/interface conditions.
(9)
Applied Transverse Shear Stress: The composite is assumed to experience plane strain and the state of stress applied to the composite at infinity is pure shear. The displacement field in the interphasial domain can be expressed by
The Navier's equations of elasticity are:
The general solution to Equations (12) and (13) 
where IR, and IRe are functions of the radial distance and constants. A, B, C and J) are unknown constants which will be determined by the boundary/interface conditions.
Solution Methods for the GoverninR Differential Equations
Equations (4), and (8) • u and v are substituted into the Navier equations resulting in two algebraic equations in M and N.
• The determinant of the coefficients (M and N) of the algebraic equations is found. 
Conclusions
• Experimental data needed to precisely specify the constitutive property variations of the interphase are not available, although progress is being made in this area. • A theoretical approach to the evaluation of the local stresses in a three phase composite may be used to provide guidance for controlling local failures in a composite with interphasial property gradients and for the design and optimization of such material systems. 
